T he term chromosome was coined by Waldeyer 1 in 1888 from the Greek words for colored body, chroma and soma. These cytological structures are the workbench on which genes are transcribed and DNA is replicated. During mitosis, the chromosomes divide and deliver appropriate copies of genetic material to somatic daughter cells. During meiosis, homologous chromosomes exchange material to provide opportunities for genetic recombination and form haploid gametes to ensure a constant chromosome number for the species. Cytogenetics, the study of structure and function of chromosomes, is important in medical practice today. This article describes various methods to visualize human chromosomes and discusses some applications of cytogenetic studies in clinical practice.
CHROMOSOME STRUCTURE
Chromosomes appear differently in interphase and metaphase stages of the cell cycle ( Figure 1 ). In interphase, the morphology of individual chromosomes is not apparent because their chromatin is decondensed. As cells enter division, the chromatin condenses, and by metaphase, the morphology of individual chromosomes can be visualized. Each metaphase chromosome has 2 chromatids held together by the centromere (Figure 2 ). The centromere separates each chromosome into a short arm and long arm referred to as a p-arm and a q-arm, respectively. 2 In metacentric chromosomes, the centromere appears at or near the center of the chromosome. In submetacentric chromosomes, the centromere is nearer to one end of the chromosome. In acrocentric chromosomes, the centromere is nearly at the terminal end of the chromosome. Acrocentric chromosomes often have satellites on their p-arm ( Figure  2 ). These satellites have stalks that contain genes that produce ribosomal RNA.
During cell division, the kinetochore forms within the centromeric region and is the site of spindle fiber microtubule attachment. 3 This structure can be visualized by using fluorescent-labeled monoclonal antibodies for the kinetochore ( Figure 3) . 4 The ends of the chromosomes are maintained by telomeres, which consist of TTAGGG sequence repeats. These structures can be visualized using fluorescent-labeled DNA probes specific for TTAGGG repeats ( Figure 4 ). 5 Using scanning electron microscopy, the chromatin of each chromosome has the appearance of a fibrouslike structure ( Figure 5 ). The chromatin of each chromosome consists of a long continuous strand containing one double helix of DNA. The DNA is packed into each chromosome in a highly efficient manner to allow for transcription of single genes, gene regulation, replication, pairing of homologous chromosomes during meiosis, meiotic crossing over, and other functions. 
CHROMOSOME ANOMALIES
Chromosome anomalies can be either constitutional or acquired. Constitutional anomalies cause birth defects, infertility, and other medical problems. Most acquired chromosome anomalies that develop after birth are associated with neoplastic processes.
Chromosome anomalies are classified as numeric or structural. Numeric anomalies are further subclassified into polyploid or aneuploid ( Figure 6 ). Ploidy refers to the number of haploid sets of chromosomes, in which a haploid set in humans is 23 chromosomes. This is the expected number of chromosomes in a gamete, whereas the diploid number, 46 chromosomes, is expected in somatic cells. Triploidy refers to 69 chromosomes, and tetraploidy refers to 92 chromosomes. Triploidy and tetraploidy have been observed in molar pregnancies and spontaneously aborted fetuses. Polyploidy is also associated with neoplastic disorders, although the set of chromosomes is not always complete.
Aneuploidy refers to chromosome complements that involve irregular multiples of the haploid chromosome number ( Figure 6 ). The addition of a single chromosome is called trisomy, and the loss of a single chromosome is called monosomy. Thus, any cell that has trisomy 13 is characterized by 47 chromosomes, including 3 copies of chromosome 13. A cell that has monosomy 7 contains 45 chromosomes and is lacking one copy of chromosome 7. Aneuploid anomalies usually occur as a consequence of mitotic malfunction, such as chromosome nondisjunction. Gains of only a few specific autosomes (most commonly chromosome 21) or sex chromosomes are compatible with life. The only viable congenital monosomy is the loss of a sex chromosome, resulting in 44 autosomes and 1 X chromosome. Numeric abnormalities generally originate spontaneously; thus, the recurrence risk is usually minimal. Acquired additions and losses of chromosomes are common among clonal neoplastic disorders.
Anomalies of chromosome structure are classified as translocations, deletions, inversions, duplications, or isochromosomes ( Figure 6 ). Structural anomalies can be present in either balanced or unbalanced forms. Reciprocal translocations involve the interchange of parts of different chromosomes. Inversions produce a reversal in the direction of an interstitial part of a chromosome and are either pericentric or paracentric. Pericentric inversions involve both the short arm and the long arm of a chromosome, whereas paracentric inversions occur in only 1 arm of a chromosome. Deletions involve loss of part of a chromosome and are either terminal or interstitial. Duplications produce 2 or more copies of a particular DNA segment on the same chromosome. Structural abnormalities may either arise spontaneously or be inherited. For de novo structural anomalies, the risk of recurrence is minimal. For most inherited structural anomalies, the recurrence risk ranges from 5% to 50% depending on the type of anomaly and the chromosomes involved. with banding techniques for confirming certain subtle structural anomalies, for visualizing active centromeres, for scoring breaks and gaps, and for detecting fragile sites on chromosomes (Figure 8 ).
EARLY MILESTONES IN THE PREBANDING ERA

THE BANDING ERA
In the early 1970s, various banding techniques were discovered that allowed for accurate pairing and identification of each chromosome in the human karyotype. 13 With these new staining methods, it was possible to subdivide chromosomes into individual bands, each with a characteristic location, size, and staining intensity. Thus, more than 400 chromosome bands could be recognized in each haploid set of human chromosomes. The banding techniques allowed detection of subtle structural abnormalities and identification of specific chromosomes involved in aneuploid conditions. The bands also became important for precise mapping of genes to specific chromosomal loci. Several common methods to visualize banded chromosomes are discussed subsequently.
Q-banding
Caspersson et al 14 discovered one of the first chromosome banding techniques. This method involves staining chromosomes with a fluorochrome, such as quinacrine mustard or quinacrine dihydrochloride, and examining them with fluorescence microscopy. The Q-bands appear along each chromosome in alternating bright and dull bands with varying intensity ( Figure 9 ). Q-banding is produced by unequal distribution of adenine-thymine (AT) and guanine-cytosine (GC) pairs throughout each chromosome. The brighter Q-bands are thought to contain more AT nucleotides than the duller fluorescent bands, which are richer in GC nucleotides. Cytogeneticists believe that most functional genes lie within the dull fluorescing bands (euchromatin) rather than in the brightly fluorescing bands (heterochromatin).
Q-banding is useful for establishing the specific nature of almost any numeric or structural chromosome anomaly. The Y chromosome is easy to recognize by Q-banding because the distal band of the q-arm fluoresces brightly ( Figure 9 ). The brightly fluorescing Yq band is highly polymorphic and is not present in about 2% of healthy males. Thus, this region probably does not contain clinically important genes.
G-banding
G-banding techniques were introduced in the early 1970s and are now the most common chromosome staining procedures. The most frequently used method to produce G-bands involves treating the chromosomes with trypsin and staining with a Giemsa solution. 15 This procedure pro- duces a series of alternating dark and light bands along each chromosome. The band pattern is similar for homologous chromosomes but is different for nonhomologues. Thus, G-band patterns can be used to pair and identify each of the human chromosomes accurately ( Figure 10 ). G-bands are distinct, permanent, and easy to photograph, and they can be visualized with an ordinary light microscope. The mechanism of G-banding is related to the basic structure of chromosomes. The exposure of chromosomes to trypsin most likely results in unequal extraction of DNA and proteins from the GC-rich regions. This alteration occurs differently along each chromosome and leads to the appearance of dark AT-rich bands and light GC-rich bands.
Fewer G-bands are observed in contracted short midmetaphase chromosomes than among longer chromosomes in earlier cell division ( Figure 11 ). This finding eventuates because as chromosomes become more contracted, small subbands appear to coalesce. The number of chromosome bands in a haploid set of mid-metaphase chromosomes is approximately 400. With high-resolution banding methods, chromosomes of early metaphase and late prophase have more than 850 bands per haploid set of chromosomes. 16 This allows for more precise localization of genes and detection of subtle chromosome anomalies.
C-banding
Pardue and Gall 17 first reported C-bands in 1970 when they discovered that the centromeric region of mouse chromosomes is rich in repetitive DNA sequences and stains dark with Giemsa. Arrighi et al 18, 19 reported the same banding pattern for pericentromeric regions and the distal part of the Y q-arm of human chromosomes. Comings et al 20, 21 suggested that the staining pattern may be a consequence of less DNA extraction in C-band regions than in non-C-band regions. Various methods can be used to produce C-bands. One common method involves treating the chromosomes with hydrochloric acid, barium hydroxide, and salt solutions at a high temperature and then staining the chromosomes with Giemsa ( Figure 12, A) . Another method involves staining chromosomes with the fluorescent dyes distamycin A and 4′,6-diamidino-2-phenylindole dihydrochloride (Figure 12, B) .
Many chromosomes have regions that differ among individuals but have no pathological importance. These polymorphic regions can be visualized optimally with Cband methods and are most often seen on acrocentric chromosomes, the centromeric region of chromosomes 1, 9, and 16, and the distal portion of the Y chromosome. Cbanding is also useful to show chromosomes with multiple centromeres, to study the origin of diploid molar pregnancies and true hermaphroditism, and to distinguish between donor and recipient cells in bone marrow transplantation.
Nucleolar Organizing Region-Banding
Nucleolar organizing region (NOR)-banding is a technique that stains NORs of chromosomes. 22 These regions are located in the satellite stalks of acrocentric chromosomes and house genes for ribosomal RNA. NOR-bands may represent structural nonhistone proteins that are specifically linked to NOR and bind to ammoniacal silver. Goodpasture et al 23, 24 developed a simple silver nitrate staining technique that is now used widely.
Not all satellite stalks stain NOR-positive. The clinical importance of NOR-negative staining in a seemingly structurally normal acrocentric chromosome is unknown. NOR-banding is useful in clinical practice to study certain chromosome polymorphisms, such as double satellites ( Figure 13 ). This method is also helpful to identify satellite stalks that are occasionally seen on nonacrocentric chromosomes.
Replication Bands
Viable cells in humans require one functional X chromosome. Any additional X chromosomes become inactivated in early embryogenesis and replicate late in subsequent cell divisions. In interphase cells, late-replicating X chromosomes can be observed as condensed chromatin structures attached to the nuclear membrane ( Figure 14) . In metaphase cells, late-replicating X chromosomes can be identified by replication bands visualized with acridine orange stain (RBA) (Figure 15) . 25, 26 To produce RBAs, 5-bromodeoxyuridine (BrdU) is added to a cell culture for 3 to 12 hours before the cells are harvested for chromosome studies. Then, BrdU is incorporated into DNA in place of thymidine during replication. This procedure creates a bandlike pattern along each chromosome because the dark G-bands replicate later than the light G-bands. 27 Since late-replicating chromosome bands contain mostly inactivated genes, RBA can be useful in clinical practice to study the activation status of chromosome regions on structurally abnormal X chromosomes in congenital disorders. 
SPECIALIZED METHODS TO VISUALIZE CHROMOSOMES Sister Chromatid Exchange
Chromosomes can be stained to observe the exchange of genetic material between sister chromatids. [28] [29] [30] Sister chromatid exchange (SCE) staining is accomplished in cell cultures by incorporating BrdU (in place of thymidine) into replicating cells for 2 cell cycles. As a result of semiconservative DNA replication, chromosomes have one chromatid with BrdU in one strand of DNA, whereas the other chromatid has BrdU in both strands of DNA. This produces an acridine fluorescence pattern in which one chromatid fluoresces more brightly than the other chromatid ( Figure  16 ). Sister chromatid exchanges appear as an interchange between sister chromatids of brightly and dully fluorescent segments. Exchanges between sister chromatids should not be confused with crossing over because the former occurs in somatic cells and involves chromatids of the same chromosome, whereas the latter occurs in germ cells and involves exchange of genetic material between homologous chromosomes.
The biologic importance of SCEs is uncertain, but some mutagens and carcinogens increase their frequency. 31 Thus, the SCE staining method is sensitive for detecting the effects of certain carcinogens on the chromosomes.
32,33
Also, SCE studies are useful for diagnosing Bloom syndrome because patients with this genetic disorder have a 10-fold higher SCE frequency than healthy individuals.
34,35
Fragile Sites and Chromosome Breakage Certain uncondensed portions of DNA in chromosome structure can be visualized as gaps in the staining pattern, and these gaps are prone to chromosome breakage. Gaps that are consistently seen at the same chromosome locus are called fragile sites. Fragile sites can be induced by modifying the culture media in ways that interfere with DNA synthesis and are best visualized in chromosomes by using nonbanding or Q-banding methods (Figure 8 ). Some fragile sites are present in healthy individuals. 36 Other fragile sites are associated with specific medical conditions such as fragile X syndrome, which is associated with a fragile site at Xq27.3.
37-39
All humans experience increased chromosome breakage when exposed to cytotoxic agents. However, certain autosomal recessive disorders result in the inability to repair DNA associated with certain kinds of chromosome damage. Collectively, these conditions are referred to as chromosome breakage syndromes. For example, the chromosomes of patients with Fanconi anemia are especially sensitive to bifunctional alkylating agents such as diepoxybutane or mitomycin C. [40] [41] [42] In patients with Fanconi anemia, these agents produce excessive chromosome breakage, including a specific type of chromosome anomaly called radial configurations (Figure 17 ). chromosomes. By 1986, Pinkel et al 44, 45 developed a method to visualize chromosomes using fluorescent-labeled probes that is called fluorescence in situ hybridization (FISH). FISH experts refer to their field as molecular cytogenetics because their work crosses the fields of molecular genetics (DNA probes) and cytogenetics (evaluation of chromosomes). 46 FISH can be performed on either metaphase or interphase cells and involves denaturing genomic DNA by using heat and formamide. Slide preparations are flooded with chromosome-specific DNA sequences attached to colored fluors and incubated at 37°C. During this time, probe DNA anneals with complementary DNA sequences in the chromosomes. The presence or absence of FISH signals is observed with a fluorescence microscope.
FLUORESCENCE IN SITU HYBRIDIZATION
FISH probes are generally classified by where they hybridize in the genome or by the type of chromosome anomaly they detect. These techniques are useful in the work-up of patients with various congenital and malignant neoplastic disorders, especially in conjunction with conventional chromosome studies.
Centromere-Specific FISH Probes
Although most centromeric regions of human chromosomes consist of highly repetitive α-satellite DNA, there are unique α-satellite DNA sequences for most chromosomes. FISH probes for the repetitive centromeric DNA hybridize to all centromeres, 47 whereas FISH probes for unique DNA sequences hybridize to specific chromosomes ( Figure 18 ). 48, 49 Although FISH probes are available to detect each centromere, in most instances chromosome 13 centromeres cannot be distinguished from chromosome 21 centromeres, and chromosome 14 centromeres cannot be distinguished from chromosome 22 centromeres. Centromere FISH probes can be used to detect numeric anomalies, verify the presence of centromeres in structurally abnormal chromosomes, and serve as internal controls for other FISH probe strategies.
Microdeletion and Microduplication FISH Probes
Certain microdeletions and microduplications are difficult, sometimes impossible, to detect using routine cytogenetic analysis. FISH probes for these small chromosome anomalies may involve the actual gene or a critical region surrounding the gene (Figure 19) . 50 A good FISH strategy to detect these anomalies uses a probe of one color for a control target and a probe of another color for the disease target. With this strategy, many microdeletion and microduplication syndromes have been identified ( Figure  20 ).
51-53
Telomere and Subtelomere FISH Probes Early FISH probes for telomeric regions of chromosomes hybridized to the repetitive TTAGGG sequences.
Since these DNA sequences are the same at the ends of all chromosomes, all telomeres are visible at the same time (Figure 4) . By using FISH probes for unique DNA sequences adjacent to each telomere, it is possible to identify accurately the "ends" of each chromosome except for the short arms of the acrocentric chromosomes. 54, 55 These subtelomeric probes can be used to detect subtle chromosome deletions, translocations, inversions, and other chromosomal rearrangements involving the terminal ends of chromosomes. Subtelomeric abnormalities have been identified in individuals with dysmorphic features and/or birth defects ( Figure 21) .
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FISH to Detect Translocations, Inversions, and Amplification in Neoplastic Disorders
Various FISH probes are available for visualizing chromosome anomalies associated with oncogenes. 56 FISH can be used to observe multiple signals of an oncogene in individual cells as a result of gene amplification ( Figure  22) . [57] [58] [59] FISH assays can detect the pathogenic fusion of oncogenes and activating genes that results from certain chromosome translocations and inversions ( Figure 23 ). Various FISH methods are available for visualizing chromosome anomalies associated with neoplastic disorders. More information on these FISH methods and their applications in clinical practice is available. 60, 61 FISH is also useful for many neoplastic disorders (Table 1) . 56 
Whole Chromosome Paints and Multicolor FISH
Chromosome painting methods are particularly useful for characterizing chromosome anomalies that are difficult to define with conventional cytogenetic studies. 62 Whole chromosome paints for specific chromosomes can be applied to metaphase cells to characterize major structural anomalies ( Figure 24) . 63, 64 Multicolor FISH can be used to fluoresce each of the 24 human chromosomes simultaneously with a different color (Figure 25 ).
CYTOGENETIC NOMENCLATURE: VISUALIZING CHROMOSOMES WITHOUT PICTURES
The standardization of cytogenetic nomenclature enables cytogeneticists to communicate a visual image of the chromosome makeup of a cell or an individual without using pictures. Although nomenclature has evolved over time, the original basic concepts adopted in the 1960s have remained primarily unchanged. Current cytogenetic nomenclature is published as a single document entitled ISCN 1995: An International System for Human Cytogenetic Nomenclature. In the description of a karyotype, the total number of chromosomes (including the sex chromosomes) is listed first, followed by a comma and the sex chromosomes. Thus, nomenclature for a healthy male is 46,XY and a healthy female is 46,XX. The autosomes are specified only when an abnormality is present. For example, 47,XY,+21 indicates a male with trisomy 21 (Down syndrome). Some examples of cytogenetic expressions for chromosome abnormalities are shown in Table 2 .
In 1971, nomenclature was expanded to describe banded chromosomes (Figure 26 ). Each chromosome arm is subdivided first into regions and then into bands. 65, 66 The regions and bands are numbered on each arm from the centromere outward to the ends of the chromosome (telomeres). Wherever a band is subdivided, a number is assigned to each subband and is designated after a decimal point. Thus, the expression 1q32.2 (read as "one-q-threetwo-point-two" rather than as "one-q-thirty-two point two") indicates a band located on chromosome 1, q-arm, region 3, band 2, and subband 2.
If standard cytogenetic analysis is performed concurrently with FISH, they are reported together and separated by a period. The FISH nomenclature begins with ish to indicate in situ hybridization and then the chromosome anomaly, if any, hybridization location, probes used, and
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For personal use. Mass reproduce only with permission from Mayo Clinic Proceedings. The ISCN 1995 2 contains rules for describing the size and staining intensity of normal chromosome polymorphisms. The publication describes how to write chromosome breaks and gaps, quadriradials, and many other types of abnormalities. It contains directions for describing clones and subclones in neoplastic disorders. This document is sufficiently broad to offer suggestions for writing cytogenetic descriptions for meiotic chromosomes. The ISCN 1995 also applies to certain other hominoid primates such as Pan troglodytes, Gorilla gorilla, and Pongo pygmaeus, and their band patterns are included in this document.
VISUALIZATION OF CHROMOSOMES IN CLINICAL PRACTICE
Cytogenetic studies for congenital disorders are used for a wide variety of purposes (Figure 20) . Chromosome analysis can often identify the cause of mental retardation and birth defects, allowing for appropriate decision making based on prognoses. Prenatal studies can provide reassurance to families with increased risk for chromosome abnormalities and information to help them make difficult reproductive decisions. Identification of any balanced structural anomaly in an individual with infertility and/or miscarriages provides more options for specific assisted reproductive techniques. Any congenital cytogenetic abnormality in a patient can have wide-reaching implications for family members. For example, an unbalanced translocation in a newborn with multiple birth defects should be followed up with chromosome studies of the parents to determine whether either carries the balanced version of their newborn's translocation. If one parent carries the translocation, the recurrence risk increases. In addition, their children, siblings, and extended family members may have infertility, risk of miscarriage, or children with birth defects and developmental delays.
Conventional cytogenetic studies are used widely by physicians to diagnose and manage hematologic malignancies. The observation of specific chromosome anomalies can help classify certain neoplasms and provide clues to disease progression (Table 1) . Cytogenetic studies are useful for assessing the effectiveness of treatment, monitoring remission, detecting therapy-related leukemia, and establishing success of engraftment after bone marrow transplantation. Although these studies are performed for the purpose of identifying acquired abnormalities, they may identify congenital abnormalities that will have implications for family members.
FISH studies are useful for assessing both congenital and acquired abnormalities. These methods can be applied to virtually any tissue source and in some cases will provide results more rapidly than conventional chromosome studies. FISH is useful for identifying numeric abnormalities and characterizing structurally abnormal chromosomes. Prenatal FISH studies provide timely information about the presence or absence of common numeric abnormalities in a developing fetus. In hematologic disorders, FISH is useful for accurate diagnoses and for assessing response to treatment. For some disorders, FISH alone can provide a definitive result. However, FISH often does not provide the same degree of Figure 26 . An idiogram from the International System for Human Cytogenetic Nomenclature for chromosome 7 at the 550-band stage (left) and aligned with a photograph of a G-banded chromosome 7 (right). Chromosome 7 p-arm is subdivided into 2 regions and the q-arm into 3 regions. Chromosome bands are numbered sequentially from the centromere outward to the ends of the chromosome (telomeres). The arrow indicates 7q11.23, which is read as "seven-q-one-one-point-two-three" rather than "seven-qeleven-point twenty-three." interpretive results as routine cytogenetics. Thus, complete chromosome analyses are typically needed.
COMMENT
This article specifically deals with visualizing chromosomes and is not intended to provide comprehensive information about applying cytogenetic studies in clinical practice. In routine clinical practice, physicians should rely on the expertise of genetic professionals, such as medical geneticists, genetic counselors, clinical cytogeneticists, and others. Readers who wish to learn more about the application of cytogenetics to clinical practice should refer to textbooks that deal with subject matter of their particular interest. 60, 61 
